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In this paper we report the synthesis of two new complexes, [Eu(fod)3(phen)] and [Tb(fod)3(phen)] (fod )
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octadionate and phen ) 1,10-phenanthroline), and their complete
characterization, including single-crystal X-ray diffraction, UV-vis spectroscopy, IR spectroscopy, and TGA.
The complexes were studied in detail via both theoretical and experimental approaches to the photophysical
properties. The [Eu(fod)3(phen)] complex crystallizes in the monoclinic space group P21/c. The crystal structure
of [Eu(fod)3(phen)] exhibits an offset π-π stacking interaction between the phenanthroline ligands of adjacent
lanthanide complexes. The Eu3+ cation is coordinated to three fod anionic ligands and to one phen. The
symmetry around Eu3+ is best described as a highly distorted square antiprism. The molar absorption coefficients
of [Eu(fod)3(phen)] and [Tb(fod)3(phen)] revealed an improved ability to absorb light in comparison with the
stand-alone phen and fod molecules. [Tb(fod)3(phen)] emits weak UV excitation, with this feature being
explained by the triplet-5D4 resonance, which contributes significantly to the nonradiative deactivation of
Tb3+, causing a short lifetime and low quantum yield. The intensity parameters (Ω2, Ω4, and Ω6) of
[Eu(fod)3(phen)] were calculated for the X-ray and Sparkle/AM1 structures and compared with values obtained
for [Eu(fod)3(H2O)2] and [Eu(fod)3(phen-N-O)] (phen-N-O ) 1,10-phenanthroline N-oxide) samples. Intensity
parameters were used to predict the radiative decay rate. The theoretical quantum efficiencies from the X-ray
and Sparkle/AM1 structures are in good agreement with the experimental values, clearly attesting to the
efficacy of the theoretical models.
Introduction
The electronic configuration of lanthanide ions, Ln3+, leads
to photoluminescent properties due to the 4f-4f transitions.1-3
Because these transitions are forbidden by spin and parity
selection rules, and the absorption coefficients of Ln3+ are very
small, the f states are trivially populated indirectly through
coordinated organic ligands (antenna effect), which act as metal
sensitizers. In these systems, UV light is absorbed by the ligands
directly coordinated to Ln3+.4 The energy is afterward transferred
to one or several excited states of the Ln3+ ion, and at last, the
metal ion emits light, normally in the visible and near-infrared
range.5-7
Lanthanide-based complexes are important in the develop-
ment of light-conversion molecular devices (LCMDs),8,9 because
they exhibit long lifetimes and large quantum efficiencies and,
consequently, are highly luminescent. These properties have
been widely explored in many applications, such as luminescent
probes in biomedical assays,2,10,11 organic light-emitting diodes
(OLEDs),12,13 and luminescent sensors for chemical species.14-18
The development of highly efficient LCMDs has been the object
of intensive research from groups around the world.19-23 This
is not a simple task because the design of highly luminescent
lanthanide complexes embodies the understanding of each of
the stages involved in the energy transfer process.24 As the
indirect excitation of the lanthanide ions is the typical pathway
to obtain materials with a good quantum yield, a diversity of
ligands have been developed and used in the synthesis of new
Eu3+ and Tb3+ complexes, among which the -diketonates
deserve to be singled out.8,25-30 The success of Eu3+ and Tb3+
complexes with -diketonates as promising LCMDs is based
on the respective very intense 5D4 f 7F5 and 5D0 f 7F2
transitions and high radiative rate decays.31 Structurally, the
bidentate mode typical of -diketonates allows the synthesis of
tris complexes, with the coordination sphere being usually
completed by two or three water molecules. In fact, the presence
of directly coordinated water molecules provokes the detriment
of the luminescent properties by the vibronic coupling with the
O-H oscillators. Notwithstanding, this drawback can be easily
eliminated via replacement of water by chromophores, leading
to more luminescent complexes.32-36
The complex [Ln(fod)3(H2O)2] (where fod ) 6,6,7,7,8,8,
8-heptafluoro-2,2-dimethyl-3,5-octadionate) has been widely
applied as an NMR shift agent,37-41 a catalyst in organic
reactions,42,43 and the subject of a handful of spectroscopic
properties.44-49 In previous studies, we have demonstrated that
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the replacement of the coordinated water molecules in the
[Eu(fod)3(H2O)2] by phen-N-O (1,10-phenanthroline N-oxide)
or diphenyldipyridyl (4,4′-diphenyl-2,2′-dipyridyl) can cause
significant improvements in the photoluminescent properties.50,51
In addition, we have also investigated the effect on these
properties of the inclusion of the complexes in glass and
polymeric matrixes.52-54
In the field of coordination compounds, the semiempirical
Sparkle/AM1 model has proven its effectiveness in lanthanide
chemistry because it allows the prediction of the coordination
geometry for both small lanthanide complexes and more
sophisticated structures (e.g., lanthanide-organic frameworks)
in relatively short time and with a low computational demand.55,56
In this paper we report the synthesis, characterization, and
photoluminescence properties of the [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] complexes (phen ) 1,10-phenanthroline).
Spectroscopic properties, such as Ωλ intensity parameters (λ )
2, 4, and 6), energy transfer (WET) and back-transfer (WBT) rates,
radiative (Arad) and nonradiative (Anrad) decay rates, quantum
efficiency (η), and quantum yield (q), of [Eu(fod)3(phen)] were
theoretically modeled using the electronic and spectroscopic
semiempirical models and compared with those of
[Eu(fod)3(H2O)2] and [Eu(fod)3(phen-N-O)].
Experimental Details
Synthesis of [Eu(fod)3(phen)]. The [Eu(fod)3(H2O)2] com-
plex and phen were purchased from Aldrich and used as
received. [Eu(fod)3(phen)] was obtained by reacting 0.1 mmol
of phen with 0.1 mmol of [Eu(fod)3(H2O)2] in 40.0 mL of dry
ethanol. The reaction was maintained under vigorous magnetic
stirring and refluxed for a period of 24 h. The pure product
was recrystallized from ethanol and dried under low pressure
over P2O5. A large amount of large single crystals were grown
by slow evaporation of the [Eu(fod)3(phen)] ethanolic solution
at ambient conditions. Anal. Calcd for C42H38F21N2O6Eu: C,
41.26; H, 3.54; N, 2.29. Found: C, 41.41; H, 3.57; N, 2.18.
TGA: 305-341 K (∆m ) 4.52%), 343-378 K (∆m ) 1.48%),
378-446 K (∆m ) 1.80%), 446-604 (∆m ) 75.34%),
604-692 K (∆m ) 7.08%), and 692-903 K (∆m ) 2.11%).
Selected FT-IR data (cm-1): 3690-3100 (w), 2973 (s), 1621
(vs), 1512 (vs), 1347 (s), 1227 (vs).
[Tb(fod)3(H2O)2] was prepared by reacting 0.2 mmol of
TbCl3(H2O)6 with 0.6 mmol of fod in 40 mL of dry ethanol.
The pH of the reaction was adjusted to 6-7 with the slow
addition of a diluted NaOH ethanolic solution. The reaction was
maintained under vigorous magnetic stirring for 24 h. The pure
product was isolated by recrystallization. [Tb(fod)3(phen)] was
prepared by a procedure analogous to that described for
[Eu(fod)3(phen)]. Anal. Calcd for C42H43F21N2O6Tb: C, 41.90;
H, 3.16; N, 2.33. Found: C, 41.85; H, 3.14; N, 2.33. TGA:
278-342 K (∆m ) 3.52%), 358-378 K (∆m ) 0.71%),
446-604 K (∆m ) 76.51%), 604-695 K (∆m ) 1.08%), and
695-903 K (∆m ) 0.34%). Selected FT-IR data (cm-1):
3684-3130 (w), 2970 (s), 1631 (vs), 1511 (vs), 1348 (s), 1230
(vs).
General Instrumentation. Elemental analysis was performed
on a Flash 1112 series EA Thermo Finnigan CHNS-O analyzer.
FT-IR spectra were recorded on 99.999% KBr pellets (spectral
range 4000-400 cm-1) using a Bruker IFS 66+ instrument.
Absorption spectra were obtained on a Perkin-Elmer Lambda
6 model 2688-002 UV-vis spectrometer.
Photoluminescence spectra at room temperature and 77 K
were collected using an ISS PC1 spectrofluorometer. The
excitation device was equipped with a 300 W xenon lamp and
a photographic grating. Emission spectra were collected with a
25 cm monochromator (resolution 0.1 nm) connected to a
photomultiplier. The excitation and emission slit widths were
fixed at 1.0 mm. All monochromators had 1200 grooves/mm.
Lifetime measurements were made at 298 K by monitoring the
maximum emission at 611 nm using a Fluorolog 3 ISA/Jobin-
Yvon spectrofluorometer equipped with a Hamamatsu R928P
photomultiplier, a Spex 1934 D phosphorimeter, and a xenon
pulsed lamp with 150 W of power.
Experimental intensity parameters, Ωλ, for [Eu(fod)3(phen)]
were determined from the emission spectrum using the following
equation:
Details of the physical values in eq 1 are widely discussed in
the literature.55
The experimental quantum yield (q) was determined by
employing the method developed by Bril et al.,52 for which the
q value for a given sample can be calculated by a direct
comparison with standard phosphors whose q values were
previously determined by absolute measurements. q can thus
be determined by
where rST and rx correspond to the amount of exciting radiation
reflected by the standard and the sample, respectively, and qST
is the quantum yield of the standard phosphor. The terms ∆Φx
and ∆ΦST correspond to the respective integrated photon flux
(photon · s-1) for the sample and standard phosphors. BaSO4
(Aldrich, r ) 100%), Y2O3/3% Eu3+ (YOX-U719 Philips, Φ
) 99%), and GdMgB5O10/Tb3+,Ce3+ (CBT-U734 Philips, Φ )
95%) were used as the reflectance standard and standard
phosphors for Eu3+ and Tb3+, respectively.32
Termogravimetric (TG) data were collected with an SDT
model 2960 thermobalance, TA Instruments, in the 294-1063
K temperature range, using an alumina crucible with ca. 10.0
mg of sample, under a dynamic nitrogen atmosphere (50
mL ·min-1) and with a heating rate of 10 K ·min-1.
Single-Crystal X-ray Diffraction Studies. A suitable single
crystal of [Eu(fod)3(phen)] was mounted on a glass fiber using
Fomblin Y perfluoropolyether vacuum oil (LVAC 25/6) pur-
chased from Aldrich.57 Data were collected at ambient temper-
ature on an Enraf Nonius FR590 charge-coupled device (CCD)
area-detector diffractometer (Mo KR graphite-monochromated
radiation, λ ) 0.71073 Å) controlled by the COLLECT software
package.58 Images were processed using the software packages
of Denzo and Scalepack,59 and the data were corrected for
absorption by the empirical method employed in Sortav.60,61 The
structure was solved by the direct methods of SHELXS-9762,63
andrefinedbyfull-matrixleast-squaresonF2usingSHELXL-97.63,64
All non-hydrogen atoms were successfully refined using aniso-
tropic displacement parameters.
Hydrogen atoms bound to carbon were located at their
idealized positions using appropriate HFIX instructions in
SHELXL (43 for the aromatic and 33 for the terminal -CH3
methyl groups) and included in subsequent refinement cycles
in riding-motion approximation with isotropic thermal displace-
ment parameters (Uiso) fixed, respectively, at 1.2 or 1.5 times
Ωλ )
4e2ω3A0J
3p〈7F|U(λ)|5D0〉2
(1)
q ) (1 - rST1 - rx )( ∆Φx∆ΦST)qST (2)
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the Ueq of the carbon atom to which they are attached. The last
difference Fourier map synthesis showed the highest peak (2.357
e ·Å-3) and deepest hole (-1.277 e ·Å-3) located 0.82 and 0.76
Å from Eu(1), respectively.
Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-747008. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Rd.,
Cambridge CB2 2EZ, U.K. (fax (+44) 1223 336033, e-mail
deposit@ccdc.cam.ac.uk).
Theoretical Studies
The ground-state geometries of [Tb(fod)3(phen)],
[Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and [Eu(fod)3(phen-N-O)]
were obtained with the Sparkle/AM1 model,65 implemented in
the MOPAC2007 software66 package. Previous studies showed
that the Sparkle/AM1 calculations are highly accurate in
calculations of geometries and competitive with other ab initio/
ECP methods with the advantage of being hundreds of times
faster.65,67,68 For this reason, the Sparkle model has been applied
in calculations of the ground-state geometries of lanthanide
complexes.65 Calculated geometries have been successfully
applied in the prediction of spectroscopic properties such as
singlet and triplet energy levels,69-71 UV absorption spectra and
4f-4f intensity parameters,33,71 and energy transfer rates and
quantum efficiencies.21 We used the following MOPAC key-
words: PRECISE, GNORM ) 0.25, SCFCRT ) 1.D-10 (to
increase the SCF convergence criterion), and XYZ (for Cartesian
coordinates).
All geometries and crystallographic and Sparkle/AM1 models
were used to calculate the singlet and triplet excited states using
the configuration interaction single (CIS) based on the inter-
mediate neglect of differential overlap/spectroscopic (INDO/
S) method,72,73 implemented in the ZINDO program.74 The
theoretical values of the intensity parameters, Ωλ, were calcu-
lated using the Judd-Ofelt theory.75,76 The procedure we have
employed is identical to that described in ref 53.
The energy transfer processes between the ligands and the
lanthanide cation were described using the theoretical procedure
developed by Malta and collaborators.77,78 According to their
model, the energy transfer rates, WET, can be inferred from the
sum of two terms:
where WETmm corresponds to the energy transfer rate obtained from
the multipolar mechanism and is given by
WETmp corresponds to the dipole-2λ pole mechanism (λ ) 2, 4,
and 6) and WETdd to the dipole-dipole mechanism. The RL
parameter has been calculated by
with ci being the molecular orbital coefficient of atom i
contributing to the ligand state (triplet or singlet) involved in
the energy transfer and RL,i corresponding to the distance from
atom i to Eu3+. The second term of eq 3, WETem, corresponds to
the energy transfer rate obtained from the exchange mechanism.
This term is calculated by
where J is the total angular momentum quantum number of the
lanthanide cation. G is the degeneracy of the ligand initial state,
and R specifies a given 4f spectroscopic term. The quantity F
is given by
where γL is the ligand-state bandwidth at half-maximum and ∆
is the transition energy difference between the donor and
acceptor involved in the transfer process. The quantity γλ is
given by
The 〈rλ〉 quantity is the expected radial value of rλ for 4f
electrons (eq 8), 〈3|C(λ)|3〉 is a reduced matrix element of the
Racah tensor operator C(λ),79 and σλ are the screening factors
due to the 5s and 5p filled subshells of the lanthanide cation.
The quantities given by 〈...|...|...〉 are the reduced matrix
elements of the unit tensor operators U(λ),80 RL is the distance
from the lanthanide cation to the region of the coordinated
molecule where the donor (or acceptor) state is localized, S is
the total spin operator of the lanthanide cation, µz is the z
component of the electric dipole operator and sm (m ) 0, (1)
is a spherical component of the spin operator (both for the ligand
electrons), and σ0 is a distance-dependent screening factor.81
The theoretical fluorescence branching ratio is similar to the
spontaneous emission probability (A) of the transition and can
be obtained from the Einstein coefficient to express the rate of
relaxation from an excited state, 5D0, to a final state, 7FJ, with
J ) 0-6. The spontaneous emission probability taking into
account the magnetic dipole mechanisms and the forced electric
dipole is then given by
WET ) WET
mm + WET
em (3)
WET
mm ) 2π
p
e
2SL
(2J + 1)GF ∑λ γλ〈R′J′|U
(λ)|RJ〉2 +
2π
p
e
2SL
(2J + 1)GRL6
F ∑
λ
Ωλ
ed〈R′J′|U(λ)|RJ〉2 (4)
RL )
∑
i
ci
2RL,i
∑
i
ci
2
(5)
WET
em )
8π
3p
e
2(1 - σ0)2
(2J + 1)RL4
F〈R′J′|S|RJ〉2 ∑
m
|〈φ| ∑
k
µz(k) sm(k)|φ′〉|2
(6)
F ) 1
pγLln 2π exp[-( ∆pγL)2 ln 2] (7)
γλ ) (λ + 1) 〈r
λ〉2
(RLλ+2)2
〈3|C(λ)|3〉2(1 - σλ)2 (8)
A(5D0 - 7FJ) ) 64π
4ν3
3h(2J + 1)[n(n2 + 2)29 Sed + n3Smd]
(9)
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where ν is the energy gap between the 5D0 and 7FJ states (cm-1),
h is Planck’s constant, 2J + 1 is the degeneracy of the initial
state, and n is the refractive index of the medium. Sed and Smd
are the electric and magnetic dipole strengths, respectively. Sed
is given by
where Ωλ (with λ ) 2, 4, 6) are the Judd-Ofelt intensity
parameters and |〈5D0|U(λ)|7FJ〉|2 are the squared reduced matrix
elements whose values are 0.0032, 0.0023, and 0.0002 for J )
2, 4, and 6, respectively.82,83
The 5D0 f 7FJ transitions (J ) 0, 3, and 5) are forbidden in
the magnetic and induced electric dipole schemes; i.e., their
strengths are taken as zero. 5D0 f 7F1 is the only transition
which does not have an electric dipole contribution and can be
theoretically determined: Smd ) 9.6 × 10-42 esu2/cm2.84
Therefore, the theoretical radiative decay rate (Arad) of the
following equation is ultimately calculated as the sum of all
individual spontaneous emission coefficients for the 5D0 f
7F0,1,2,4 transitions:
The emission quantum efficiency η can be expressed as
Results and Discussion
[Eu(fod)3(phen)] was directly isolated as large single crystals
from the slow evaporation in ethanol. Details of the crystal data,
intensity measurements, and structure solution refinements are
summarized in Table 1.
The asymmetric unit contains a single Eu3+ ion coordinated
to three fod anionic ligands and to one N,N′-bidentate ligand,
phen, in a typical eight-coordination fashion as represented in
Figure 1. The symmetry around the Eu3+ cation is best described
as a distorted square antiprism, with the two “square” planes
being defined by O(1) · · ·O(2) · · ·O(4) · · ·O(5) and by O(3) · · ·
O(6) · · ·N(1) · · ·N(2), respectively. The anionic fod residues
appear as typical O,O-chelates via the ketone functional groups,
forming six-membered rings with an average bite angle of 72.4°,
which is in good agreement with those found in related Eu3+--
diketonate complexes.27,33,85-88
As illustrated in Figure 2, the crystal structure of
[Eu(fod)3(phen)] exhibits an offset π-π interaction between the
TABLE 1: Crystal and Structure Refinement Data for
[Eu(fod)3(phen)]
empirical formula C42H38EuF21N2O6
fw 1217.70
temp 295(2) K
wavelength 0.71073 Å
cryst syst monoclinic
space group P21/c
unit cell dimensions a ) 14.2130(3) Å, R ) 90°
b ) 19.9060(5) Å,  ) 102.148(2)°
c ) 17.5720(5) Å, γ ) 90°
vol 4860.2(2) Å3
Z 4
density(calcd) 1.664 Mg/m3
abs coeff 1.417 mm-1
F(000) 2416
cryst size 0.20 × 0.19 × 0.19 mm3
θ range for data collection 3.51-25.09°
index ranges -15 e h e +16, -23 e k e +23,
-20 e l e +18
no. of reflns collected 49613
no. of independent reflns 8249 (Rint ) 0.0611)
completeness to θ ) 25.09° 95.5%
refinement method full-matrix least-squares on F2
no. of data/restraints/params 8249/0/649
final R indices [I > 2σ(I)]a,b R1 ) 0.0729, wR2 ) 0.2098
R indices (all data) R1 ) 0.0916, wR2 ) 0.2298
largest diff peak and hole 2.357 and -1.277 e ·Å-3
a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) {∑[w(Fo2 - Fc2)2]/
∑[w(Fo2)2]}1/2.
Figure 1. Asymmetric unit of [Eu(fod)3(phen)] emphasizing the slightly distorted square antiprismatic coordination environment of Eu3+. Hydrogen
atoms were omitted for clarity, and the ellipsoids were drawn at the 30% probability level.
Sed ) e
2 ∑
λ)2,4,6
Ωλ|〈5D0|U(λ)|7FJ〉|2 (10)
Arad ) ∑
J)1
6
A(5D0 - 7FJ) (11)
η )
Arad
Arad + Anrad
(12)
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phen ligands of adjacent lanthanide complexes, with a centroid-
to-centroid distance of ca. 3.6 Å.89 Table 2 shows selected metric
values of the bond distances and angles of the Eu3+ coordination
environment for [Eu(fod)3(phen)] arising from the single-crystal
X-ray and Sparkle/AM1 models. The crystallographic Eu-O
and Eu-N average bond distances are ca. 2.38 and 2.56 Å,
respectively. These values are within the expected range for
Eu-O and Eu-N distances in Eu3+--diketonates complexes.85
The average Eu-O and Eu-N predicted values obtained from
Sparkle/AM1 are ca. 2.38 and 2.51, respectively (Table 2),
agreeing well with those obtained from the crystallographic
studies.
Figure 3 shows a superimposition between the asymmetric
unit and the Sparkle/AM1-optimized structure. One can observe
that the C3F7 and C3H9 groups of fod ligands and the aromatic
rings of phen show different spatial arrangements in comparison
with the crystallographic model. We attribute this fact to the
higher degree of freedom associated with these groups because
the geometry optimizations are performed for the molecules in
a vacuum. The [Tb(fod)3(phen)] Sparkle/AM1-optimized struc-
ture is given in Figure S3 in the Supporting Information.
Figure 4 shows the normalized absorption spectra of
[Eu(fod)3(phen)] and [Tb(fod)3(phen)] and normalized absorp-
tion spectra of fod and phen registered in ethanolic solutions
(10-4 mol L-1), at 300 K, and the theoretically predicted spectra
obtained via the INDO/CIS method. Table 3 lists the molar
absorption coefficients (ε). The electronic absorption spectra of
[Eu(fod)3(phen)] and [Tb(fod)3(phen)] show the same spectral
profile: three bands (λmax ) 230 nm) arising from the
sum of the corresponding precursors. [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] display average calculated ε values 2.4 and
7.3 times those of phen and fod, respectively, revealing the
ability of the materials to absorb light. The theoretical spectra
exhibit similarities to the experimental data, despite the fact that
they also display a small blue shift, which can be justified by
the fact that all calculations were performed by considering the
molecular units of the materials as being in a vacuum.
Figure 5 shows the excitation spectra of [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] registered at 300 K in the 200-550 and
200-450 nm ranges by monitoring the Eu3+ and Tb3+ emissions
at ca. 611 and 545 nm, respectively. The spectra exhibit broad
bands characteristic of the electronic transitions π f π* of the
ligands, with the maximum peaking at ca. 348 nm. The weaker
signals observed in the 450-550 nm region arise from the f-f
absorption of the Eu3+cation, unequivocally proving the indirect
excitation of the lanthanide centers via a typical antenna effect
involving the organic ligands. Comparatively, the integrated
Figure 2. Schematic representation of the offset π-π stacking
interactions between adjacent [Eu(fod)3(phen)] complexes.
TABLE 2: Selected Bond Lengths (Å) and Angles (deg) for
[Eu(fod)3(phen)]a
Eu(1)-O(1) 2.335(6) (2.382)
Eu(1)-O(2) 2.346(5) (2.387)
Eu(1)-O(4) 2.346(6) (2.387)
Eu(1)-O(5) 2.355(6) (2.359)
Eu(1)-O(3) 2.360(5) (2.387)
Eu(1)-O(6) 2.407(6) (2.388)
Eu(1)-N(1) 2.591(6) (2.513)
Eu(1)-N(2) 2.600(7) (2.515)
O(1)-Eu(1)-O(5) 72.9(2) (62.27)
O(2)-Eu(1)-O(4) 73.0(2) (62.51)
O(3)-Eu(1)-O(6) 71.31(19) (62.16)
N(1)-Eu(1)-N(2) 63.1(2) (66.41)
a The values in parentheses are from Sparkle/AM1.
Figure 3. Superimposition of [Eu(fod)3(phen)] complexes and coor-
dination environments: crystallographic structures are represented in
blue, while the Sparkle/AM1-optimized geometries are in red. Sparkle/
AM1 geometries are slightly dislocated to facilitate the comprehension
of the schemes.
Figure 4. Normalized absorption spectra of [Eu(fod)3(phen)],
[Tb(fod)3(phen)], fod, and phen. Experimental spectra were collected
from an ethanolic solution at 300 K. The asterisks denote the theoretical
spectra, which were calculated using INDO/CIS.
TABLE 3: Molar Absorption Coefficients (ε) and Maximum
Absorption Intensities (λ) of fod, phen, [Eu(fod)3(phen)], and
[Tb(fod)3(phen)]
sample ε (103 mol-1 cm-1 L) λ (nm)
fod 1.082 295
phen 3.312 230
[Eu(fod)3(phen)] 8.252 230
[Tb(fod)3(phen)] 7.578 230
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excitation band of [Tb(fod)3(phen)] is 40% narrower than that
of the analogous Eu3+ complex, indicating that the antenna effect
for the Tb3+ compound is less efficient.
Figure 6 depicts the solid-state emission spectra of
[Eu(fod)3(phen)] and [Tb(fod)3(phen)] recorded at 300 K upon
excitation at 348 nm. The [Tb(fod)3(phen)] complex shows a
weak green color upon UV excitation even though its emission
spectrum exhibits well-defined 5D4 f 7FJ transitions. The 5D4
f 7F5 transition (545 nm) is the strongest corresponding to ca.
62% of the integrated spectrum. Indeed, the triplet position
calculated for [Ln(fod)3(phen)] (Ln3+ ) Eu3+ or Tb3+) is
19838.3 cm-1, being slightly below the Tb3+ 5D4 level (∆E )
562 cm-1). Nevertheless, the profiles observed in the excitation
and emission spectra of [Tb(fod)3(phen)] indicate that the triplet
calculated for the compounds is underestimated. This can be
explained by the error of (1000 cm-1 associated with the
theoretical method. Noteworthy, this short discrepancy does not
disqualify the methodology.4,55,90,91 When the lowest triplets of
the organic ligands are below the emitter levels of the Ln3+
ions, fluorescence or phosphorescence arising from the ligand
or no emission is normally observed.24,92,93 Indeed the experi-
mental observations demonstrate that the triplet-5D4 resonance
contributes significantly to nonradiative deactivation of the Tb3+
ion and provides a plausible way to justify the short lifetime,
0.23 ms, and quantum yield, q ) 28.0%, obtained for
[Tb(fod)3(phen)].
The spectrum of [Eu(fod)3(phen)] displays the typical narrow
bands corresponding to the centered Eu3+ 5D0f 7FJ transitions,
whose main emission, centered at ca. 611 nm, corresponds to
the hypersensitive 5D0f 7F2 transition. The relative intensities
and splitting of the emissions bands are particularly influenced
by the symmetry of the first coordination sphere.3 The emission
spectrum has a single peak at ca. 580 nm attributed to the 5D0
f 7F0 transition. Even at low temperature, the 5D0 f 7F0
transition remains unaltered, clearly indicating that the Eu3+
chemical environment has a low symmetry without an inversion
center.86 The selection rules for the electric dipole transition
indicate that 5D0 f 7F0 is only observed if the point symmetry
of Eu3+ is CnV, Cn, or Cs.94 In addition, because Eu3+ 7F0 is
nondegenerate and the ligand field can not split it, the single
peak at 580 nm indicates that there is only one emitter Eu3+
center in the material.95 This is confirmed by the fact that the
lifetime (τ) of the excited state 5D0 was determined from a
single-exponential fitting of the decay curve, also being
consistent with the presence of a single crystallographically
independent Eu3+ center. This spectroscopic information is in
excellent agreement with the crystallographic and Sparkle/AM1
models.
The 5D0 f 7F1 transition is ruled by a magnetic dipole
mechanism, and its intensity is largely independent of the ligand
field effects. Nevertheless, the respective transition reflects the
site symmetry of Eu3+ in the number of the lines.96 This
transition appears in the 588-600 nm range and exhibits three
well-defined Stark components, thus supporting the presence
of a single low-symmetry site for Eu3+. Moreover, the 5D0 f
7F2/5D0f 7F1 ratio for [Eu(fod)3(phen)] is ca. 11, which is well
within the expected range (ca. 8-12) typical of europium centers
exhibiting a highly asymmetric coordination environment.51
The theoretical intensity parameters were calculated from the
structural data given in Tables S1-S3 (Supporting Information)
using the procedure described in ref 53. The charge factors (g)
and the ligand ion polarizability (R) were restricted to physically
acceptable values and were treated as freely varying parameters
using a nonlinear minimization of a four-dimension response
surface.51,55,56 The charge factors and the R values adjusted for
[Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and [Eu(fod)3(phen-N-O)]
are given in Tables 4 and Tables S1 and S2, respectively.
Table 4 summarizes the theoretical and experimental values
for the intensity parameters (Ω2, Ω4, and Ω6), radiative and
nonradiative rates of spontaneous emission (Arad and Anrad,
respectively), quantum efficiency (η), and quantum yield (q)
for three Eu3+--diketonate complexes studied in this paper.
The analysis of the intensity parameters Ωλ leads to the
conclusion that these results reflect good agreement between
the theoretical and experimental data. Considering the results
collected in Table 4, one can observe an extraordinary increase
of the Ω2 values for [Eu(fod)3(phen)] and [Eu(fod)3(phen-N-
Figure 6. Normalized emission spectra of [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] at 300 K upon excitation at 348 nm.
Figure 5. Excitation spectrum of [Eu(fod)3(phen)] recorded at ca. 300
K by monitoring the emission of Eu3+ at ca. 611 nm.
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O)] in comparison with that of [Eu(fod)3(H2O)2], caused by the
high sensitivity of Ω2 to the small change of the coordination
environment.97 Comparatively, the reason for the differences
in Ω2 values between [Eu(fod)3(phen)] and [Eu(fod)3(phen-N-
O)] has its origin in the variations of the basicity degrees of the
ligands (phen and phen-N-O) and anisotropic features of the
metal-ligand bonds. In addition, the theoretical calculations
show that the effects of the dynamic coupling associated with
the ligand ion polarizability (R) are more prominent for
[Eu(fod)3(phen-N-O)], corroborating its high Ω2 value.
Table 4 also includes the experimental values of the lifetimes
for the three compounds. The increase of the lifetimes from
0.62 to 0.85 ms and radiative rates (from 426.5 to 601 s-1) and
the sensible reduction of the nonradiative rates from 1186.40
to 575.5 s-1 of [Eu(fod)3(H2O)2]51 and [Eu(fod)3(phen)], re-
spectively, are a consequence of the substitution of the two
coordinated water molecules by phenanthroline. These aspects
are directly associated with the reduction of nonradiative decay
channels from vibronic coupling with harmonics of the O-H
oscillator and corroborate the high values of the quantum yield
(q ) 40.0%) and lifetime (τ ) 0.85 ms) obtained for
[Eu(fod)3(phen)]. While a substantial influence of the ligand
phen-N-O on the relative intensities of the 5D0f 7FJ transitions
was observed, the high contribution of the nonradiative rate,
1797.8 s-1, justifies the lower values of η and τ of [Eu(fod)3(phen-
N-O)] when compared with those of [Eu(fod)3(phen)]. It is
important to note that the theoretical methodology shows similar
results for the energy transfer mechanisms of [Eu(fod)3(phen)]
and [Eu(fod)3(phen-N-O)] molecules in a vacuum. Unfortu-
nately, the absence of crystallographic information for [Eu(fod)3-
(phen-N-O)]50 is a cumber to estimation of the energy mecha-
nism in the crystalline domain and to indentification of the
nonradiative channels responsible for the anomalous values of
Anrad, η, and τ in comparison with those of [Eu(fod)3(phen)]. In
addition, the results summarized in Table 4 further show
excellent agreement between the theoretical and the experimental
values for the Arad, Anrad, quantum efficiency (η), and quantum
yields (q) of the three compounds.
The energy transfer and back-transfer rates and quantum yield
for the Eu3+ compounds were calculated on the basis of some
constraints: The values of the Eu3+ electronic levels arise from
the free ion at intermediate coupling,98 and the singlet level of
the complex is resonant with Eu3+ 5D4 (27600 cm-1), while 5D1
and 5D0 are resonant with the lowest triplet. Additionally, the
oscillator strength of the singlet states must be larger than 0.2,
the singlet state must have an energy below 40000 cm-1, and
only the triplet state of the lowest energy was considered, which
is related to the singlet state previously chosen. According to
the selection rules, the energy transfer between the triplet and
the 5D1 level occurs via the exchange mechanism, and the energy
transfer between the singlet and the 5D4 level occurs via the
multipolar mechanism. The energy transfer between the triplet
and 5D0 is forbidden for both mechanisms, but this selection
rule can be relaxed due to the thermal population of the 7F1
TABLE 4: Theoretical Intensity Parameters Ω2, Ω4, and Ω6, Radiative (Arad) and Nonradiative (Anrad) Decay Rates, and
Quantum Efficiency (η) and Quantum Yield (q) Values Derived from the Single-Crystal X-ray Diffraction and Optimized
Sparkle/PM3 Modelsa
compd Ω2 (10-20 cm2) Ω4 (10-20 cm2) Ω6 (10-20 cm2) Arad (s-1) Anrad (s-1) τ (ms) η (%) q (%)
[Eu(fod)3(phen)]b 19.00 2.60 601.0 575.5 0.85 51.0 40.0
[Eu(fod)3(phen)], X-ray structure 13.36 2.06 27.44 503.5 673.0 43.0 42.0
[Eu(fod)3(phen)], Sparkle/AM1 structure 16.49 2.62 39.47 615.7 560.8 52.3 51.0
[Eu(fod)3(H2O)2]b 10.90 2.10 426.5 1186.4 0.62 26.5
[Eu(fod)3(H2O)2], Sparkle/AM1 structure 9.86 2.24 34.34 406.9 1206.0 25.0 25.0
[Eu(fod)3(phen-N-O)]b 24.50 13.40 876.0 1797.8 0.37 33.0
[Eu(fod)3(phen-N-O)], Sparkle/AM1 structure 19.35 15.92 23.05 889.4 1775.4 33.5 33.0
a Related experimental data, including the lifetime (τ) of the Eu3+ center, were obtained at ambient temperature for the as-synthesized
[Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and [Eu(fod)3(phen-N-O)] samples. b Experimental values.
Figure 7. Energy level diagram for [Eu(fod)3(phen)] showing the most
probable channels for the intramolecular energy transfer process.
TABLE 5: Calculated Values of Intramolecular Energy Transfer and Back-Transfer Rates for Eu3+--Diketonate Compounds
compd level (cm-1) ∆ (cm-1) RL (Å) transfer rate (s-1) back-transfer rate (s-1)
[Eu(fod)3(phen)] (X-ray) S (37569.3) f 5D4 (27600) 9969.3 3.218 8.29 × 105 1.99 × 10-15
T (19654.1) f 5D1 (19070) 584.1 3.372 2.08 × 1011 1.31 × 1010
T (19654.1) f 5D0 (17300) 2354.1 3.372 1.45 × 1011 1.99 × x106
[Eu(fod)3(phen)] (Sparkle/AM1) S (39032.4) f 5D4 (27600) 11432.4 3.369 9.35 × 104 0.00
T (19838.3) f 5D1 (19070) 768.3 3.991 7.54 × 1010 1.92 × 109
T (19838.3) f 5D0 (17300) 2538.3 3.991 5.01 × 1010 2.78 × 105
[Eu(fod)3(H2O)2] (Sparkle/AM1) S (38285.5) f 5D4 (27600) 10685.5 3.354 2.47 × 105 0.00
T (21313.0) f 5D1 (19070) 2243.0 3.465 1.03 × 1011 2.37 × 106
T (21313.0) f 5D0 (17300) 4013.0 3.465 4.85 × 1010 2.44 × 102
[Eu(fod)3(phen-N-O)] (Sparkle/AM1) S (39250.2) f 5D4 (27600) 11650.2 3.923 1.38 × 105 0.00
T (20233.8) f 5D1 (19070) 1163.8 4.284 1.84 × 1010 7.32 × 107
T (20233.8) f 5D0 (17300) 2933.8 4.284 1.12 × 1010 9.67 × 103
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level at room temperature and via the mixing of the J states
due to the interaction with the ligand field. On the basis of this
information, we have calculated both the transfer and back-
transfer rates between the ligand and the Eu3+ levels. Typical
values of the remaining transfer rates were assumed to be identical
to those found for coordination compounds, namely,Φ) 104 s-1,
Φ(1) ) 106 s-1, Φ(2) ) 108 s-1, and Φ(3) ) 105 s-1.
In Figure 7 an energy diagram for the two ligands and Eu3+
in [Eu(fod)3(phen)] is proposed. Full lines concern the radiative
transitions, whereas the dashed lines concern those associated
with nonradiative paths. The curved lines are related to the
ligandf lanthanide energy transfer or back-transfer. The energy
transfer rates from the ligand triplet state (T1) to the 5D1 and
5D0 levels, energy transfer rates from the singlet state (S1), and
singlet and triplet values are summarized in Table 5.
The three compounds show high T1f 5D1 back-transfer rate
values, which can be explained by a short energy difference
between the excited states. Clearly, the values of the energy
transfer rate indicate that the process is predominant from the
triplet state of the ligand to the 5D1 and 5D0 levels of Eu3+.
Conclusions
The complexes [Eu(fod)3(phen)] and [Tb(fod)3(phen)] were
synthesized and characterized, and their photophysical properties
were submitted to a detailed scrutiny. The [Tb(fod)3(phen)]
complex shows a faint green color upon UV excitation, with
this fact being explained by the triplet-5D4 resonance, which
contributes significantly to the nonradiative deactivation of Tb3+,
ultimately being the cause of a short lifetime and low quantum
yield. The properties of the [Eu(fod)3(phen)] material were
studied under a theoretical (using the Sparkle/AM1 model) and
an experimental perspective and compared with those of
[Eu(fod)3(H2O)2] and [Eu(fod)3(phen-N-O)]. The asymmetric
unit has a single Eu3+ ion coordinated to three fod anionic
ligands and to one N,N′-bidentate ligand, phen, in a typical eight-
coordination mode. The optimized molecular geometry of
[Eu(fod)3(phen)] was obtained by employing the Sparkle/AM1
model and agrees well with the crystallographic model. Theo-
retical intensity parameters, calculated from the crystallographic
and Sparkle models, are also in agreement with those acquired
experimentally. Values of intermolecular energy transfer
rates calculated for [Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and
[Eu(fod)3(phen-N-O)] indicate that the energy transfer process
occurs predominantly from the triplet state of the ligand to the
5D1 and 5D0 levels of Eu3+. These results, associated with the
excellent predictions of the intensity parameters, radiative rates,
and quantum efficiencies certify the efficacy of the theoretical
models used in all calculations.
Supporting Information Available: Tables of spherical
atomic coordinates of [Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and
[Eu(fod)3(phen-N-O)], additional drawings showing the Sparkle/
AM1-optimized geometry for [Eu(fod)3(H2O)2], [Eu(fod)3(phen-
N-O)], and [Tb(fod)3(phen)], decay curves of [Eu(fod)3(phen)]
and [Tb(fod)3(phen)], and CIF data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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